The von Hippel-Lindau tumor suppressor protein pVHL assembles with cullin-2 (hCUL-2) and elongin B͞C forming a protein complex, CBC VHL , that resembles SKP1-CDC53-F-box protein ubiquitin ligases. Here, we show that hCUL-2 is modified by the conserved ubiquitin-like protein NEDD8 and that NEDD8-hCUL-2 conjugates are part of CBC VHL complexes in vivo. Remarkably, the formation of these conjugates is stimulated by the pVHL tumor suppressor. A tumorigenic pVHL variant, however, is essentially deficient in this activity. Thus, ligation of NEDD8 to hCUL-2 is linked to pVHL activity and may be important for pVHL tumor suppressor function.
Modification of proteins by covalent attachment of the highly conserved polypeptide ubiquitin occurs universally in eukaryotic cells (see refs. 1 and 2 for review). Proteins modified by ubiquitin tags usually are targeted for degradation by the 26S proteasome or, in the case of some plasma-membrane proteins, to the lysosome via the endocytic route. The conjugation reaction is mediated by a series of well defined enzymatic reactions and leads to the formation of an isopeptide bond between the C-terminal glycine residue of ubiquitin and the -amino group of a lysine residue of an acceptor protein. Ubiquitin is first activated by an ubiquitin-activating enzyme, E1, and subsequently transferred to an ubiquitin-conjugating enzyme, E2, also known as UBC. Ubiquitin can be transferred to a substrate either directly from the E2 or via substrateselective ubiquitin ligases, E3s (1, 2) . Recently, a class of E3 ligases that are characterized by a striking modular organization have been identified in yeast. These E3s, termed SCF (SKP1-CDC53-F-box protein), collaborate with the E2 enzyme UBC3 CDC34 in substrate ubiquitination. SCF complexes contain CDC53, SKP1, and one of several so-called F-box proteins that function as substrate-recruiting factors of the ubiquitin ligase (see refs. 3 and 4 for review). Depending on the F-box protein used, SCF is known to ubiquitinate distinct proteins, and ubiquitination targets them for destruction by the 26S proteasome. SCF substrates include G 1 cyclins, cyclindependent-kinase inhibitors, the cyclin-dependent-kinase inhibitory kinase SWE1, and other regulators (4) (5) (6) (7) (8) (9) (10) (11) .
Humans possess several CDC53-related proteins termed cullins. Of these proteins, two, hCUL-1 and hCUL-2, are known to be part of protein complexes that resemble yeast SCF. hCUL-1 associates with the human counterpart of SKP1, hSKP1, and an F-box protein termed SKP2. The formed complex seems to be the functional equivalent of yeast SCF (12, 13) . hCUL-2, however, is part of a different complex that contains elongin B, a distant relative of ubiquitin, and the SKP1-related protein elongin C (14 -16). The hCUL-2-elongin B͞C complex, which we propose to call CBC, can assemble with the von Hippel-Lindau tumor suppressor protein, pVHL (17) (18) (19) , forming CBC VHL (15, 16, 20, 21) . Because of the structural resemblance to SCF, it seems likely that CBC complexes also may function as E3-type ubiquitin ligases, with pVHL representing one of several possible alternative substrate-recognition subunits (another candidate is the F-box protein elongin A; refs. 6 and 14) . The gene encoding the pVHL subunit of the complex is linked to a hereditary cancer syndrome, von Hippel-Lindau disease (17) . Individuals who carry germ-line mutations in the VHL gene are predisposed to a variety of benign and malignant tumors, which include clear-cell carcinomas of the kidney (RCC), pheochromocytomas, and vascular tumors of the central nervous system and retina (17, (22) (23) (24) . Inactivation or loss of both VHL alleles has been reported for the majority of sporadic RCC and cerebellar hemangioblastomas, which is in keeping with Knudson's twohit hypothesis of tumor suppressor-mediated carcinogenesis (23, 24) . It has been proposed that these pathological defects might be consequences of an impaired CBC VHL ubiquitination activity (15, 16) .
Recently, the CDC53 subunit of yeast SCF was shown to be modified by conjugation to the ubiquitin-like protein RUB1 (25, 26) . In contrast to ubiquitination, this modification does not seem to target the CDC53 protein for degradation (25, 26) . Genetic studies have indicated that it seems to affect the cell-cycle function of the SCF ligase (25) . Previous work has shown that modification by RUB1 proceeds analogously to ubiquitination and involves an E1-like ULA1͞UBA3 enzyme pair for activation and a specific E2, UBC12, for conjugation of the modifier (25, 26) . Intriguingly, the RUB1 conjugation pathway seems to be conserved across species. NEDD8 (27) is presumed to be the human homolog of RUB1, displaying 59% identical amino acids with the yeast protein. Furthermore, conjugation of NEDD8 to other proteins recently was shown to involve enzymes related to the yeast ULA1͞UBA3 and UBC12 enzymes (28) .
Here, we show that mammalian NEDD8 and yeast RUB1 are indeed functionally equivalent and that the human protein can substitute for RUB1 in yeast and modifies CDC53. Moreover, we also found that the human cullins hCUL-1 and hCUL-2 are modified by NEDD8 in vivo. Intriguingly, modification of the hCUL-2 subunit of the CBC complex by NEDD8 requires pVHL to be part of the same complex, indicating that the CBC VHL complex itself is involved in its own modification. Most importantly, we discovered that this modification is stimulated only by wild-type but not tumorigenicmutant forms of pVHL. Thus, our data provide a clear correlation between the tumorigenic potential of pVHL mu-tant forms and their deficiency in supporting CBC modification. Ligation of NEDD8 to hCUL-2 therefore is linked to pVHL activity and may be important for pVHL tumor suppressor function.
MATERIALS AND METHODS
Strains and Plasmids. Yeast strains rub1-1, ula1, and ubc12, as well as rub1-1 cdc34 mutants and plasmids expressing tagged RUB1 or CDC53, have been described (26) . For expression of N-terminally hemagglutinin epitope (HA)-tagged NEDD8 ( HA NEDD8), mouse NEDD8 cDNA (a gift from S. Kumar, Kyoto University, Kyoto), encoding the maturated form of the protein, was triple-HA epitope-tagged by PCR and cloned downstream of the GAL1-10 promoter (YIFN8 and pSFN8). YIFN8 was integrated into the yeast URA3 locus of the various strains; for the NEDD8͞CDC53 coimmunoprecipitation experiments, pSFN8 was used. To rescue the synthetic lethality of the rub1-1 cdc34 double mutant, the pGAL1-10-NEDD8 expression cassette was cloned into the yeast vector YIplac128 (YIN8), which was integrated into the yeast LEU2 locus.
A plasmid expressing HA-tagged hCUL-2 (pcDNA3-Hscul-2) has been described (15) . NEDD8 tagged with a triplemyc epitope was constructed by PCR and subcloned into pcDNA3 (Invitrogen; pcDNA3-3myc NEDD8). Glutathione Stransferase (GST)-NEDD8 was constructed by PCR and subcloned into a pGEX-2TK vector (Amersham Pharmacia). Recombinant GST or GST-NEDD8 proteins were produced in BL21 cells and purified according to the supplier's instructions (Amersham Pharmacia). pVHL cDNAs (pVHL or pVHL ⌬157 ) contain a FLAG tag at the N terminus (15) and were subcloned into pcDNA3 vectors.
Cells and Cell Culture. Human 293 cells (American Type Culture Collection) were transfected by using the calcium phosphate procedure with 2.5-5 g of pcDNA3-3myc NEDD8 plasmid per 6-well dish at 50% confluence for 16 h; 48 h after transfection, cells were harvested and lysed in TBST (10 mM Tris⅐HCl, pH 7.5/150 mM NaCl/0.1% Tween 20; ref. 15) , and 60 g of total protein was analyzed by SDS͞10% PAGE and transferred onto a nitrocellulose membrane. The membrane was probed with anti-myc antibody 9E10 (Babco, Richmond, CA; 1:1,000), anti-hCUL-1 antibodies (a gift from W. Krek, Friedrich-Miescher-Institute, Basel), or anti-hCUL-2 antibodies against a peptide representing amino acids 111-126 of hCUL-2. The human sporadic RCC 786-0 cell line lacks one VHL allele and expresses a truncated VHL protein (amino acids 1-104) from the second allele (16, 22) . These cells express a polylinker sequence from the vector, a VHL gene bearing a naturally occurring cancer-predisposing nonsense mutation, which truncates the protein after amino acid 155 ( HA pVHL 
⌬157
express virtually identical proteins. pVHL was HA-tagged at the N terminus. Cells were harvested, and pVHL was immunoprecipitated with anti-HA antibodies (HA11, Babco) as described (15, 16 ) and transferred to a nitrocellulose membrane, which was probed with anti-hCUL-2 antibodies. Blots were incubated with horseradish peroxidase-conjugated secondary antibodies, and signals were detected by using an enhanced chemiluminescence detection system (Amersham Pharmacia). For protein sequencing, the bands were sliced out from the poly(vinylidene difluoride) filter membrane and subjected to Edman degradation.
In Vitro Translation Analysis. pcDNA3-Hs-cul-2 (1 g) was translated simultaneously with various amounts of pVHL cDNAs (0.1-2 g) in the presence of [ 35 
S]methionine in vitro
by using a coupled transcription͞translation system (50 l; Promega). GST or GST-NEDD8 proteins (1 g) were added at the beginning of the reaction. The reactions were then analyzed by SDS͞10% PAGE and processed for autoradiography.
RESULTS
Yeast RUB1 and Human NEDD8 Are Functional Orthologs. Because of the sequence similarity of NEDD8 and RUB1, we asked whether the two proteins are functional orthologs. To this end, we expressed HA NEDD8 in yeast. As shown in Fig. 1 , an immunoreactive conjugation pattern virtually identical to that of RUB1 ( HA RUB1) was observed. RUB1-protein conjugate formation requires the E1 heterodimer ULA1͞UBA3 for RUB1 activation and the E2 enzyme UBC12 for conjugation (26) . We found that NEDD8 conjugation was virtually absent in ula1, uba3, and ubc12 null mutants (Fig. 1) , indicating that the yeast enzymes can collaborate with the human ubiquitin-like protein.
To confirm directly that RUB1 and NEDD8 are functional orthologs, we performed complementation assays. Yeast null mutants in the RUB1-conjugation pathway are viable and grow at wild-type rates (25, 26) . However, these mutations (e.g., rub1-1) exhibit synthetic lethality with cdc34-1, a temperature-sensitive mutation of the gene encoding the UBC3 CDC34 E2 enzyme, which cooperates with SCF ubiquitin ligases (25, 26) . When grown at 33°C, rub1-1 cdc34-1 double mutants, but not cdc34-1 single mutants, are inviable. This growth defect could indeed be rescued by expression of NEDD8 in these cells (Fig. 2) , indicating that NEDD8 can substitute for RUB1 in yeast.
The ability to complement the yeast mutant suggests that NEDD8 may modify the same substrates as RUB1 in yeast. One of the proteins known to be modified by RUB1 is the cullin CDC53, a 94-kDa subunit of the yeast SCF ubiquitin ligase (25, 26) . To test whether CDC53 can serve as a substrate for NEDD8 modification in yeast, we coexpressed in rub1-1 mutant cells epitope-tagged forms of both CDC53 and NEDD8. As shown in Fig. 3 , CDC53 was indeed found to be modified by NEDD8, indicating that the striking substrate selectivity of the modification pathway was not affected by the substitution.
hCUL1 and hCUL2 Are Modified by NEDD8 in Vivo. Given the conservation of RUB1 and NEDD8 pathways, an obvious question was whether human cullins (29, 30) predicted sizes of NEDD8-modified cullins (26, 31) . Indeed, a Western analysis of human embryonic kidney 293 cells with hCUL-1-or hCUL-2-specific antibodies identified two closely spaced Ϸ80-kDa immunoreactive bands in SDS gels, suggesting that they may correspond to the unmodified and NEDD8-modified forms of both cullins, respectively (Fig. 4A, Left) . When we expressed a cDNA encoding a larger 3myc NEDD8 in these cells, hCUL-1-and hCUL-2-specific antibodies identified additional, even slower-migrating bands ( Fig. 4A; Right) , suggesting that they may represent conjugates of 3myc NEDD8 with the human cullins hCUL-1 and hCUL-2, respectively. To test this idea, we immunoprecipitated proteins from 293 cells transfected with 3myc NEDD8 cDNA (or empty vector as control) with myc-specific antibodies and identified hCUL-1 and hCUL-2 reactive proteins by Western blotting with hCUL-1-and hCUL-2-specific antibodies. As shown in Fig. 4B , cullin-specific immunoreactive proteins were found exclusively in 3myc NEDD8-transfected cells, confirming that both human cullins, hCUL-1 and hCUL-2, are modified by 3myc NEDD8. Thus, we conclude that, in a manner strikingly analogous to the modification of CDC53 by RUB1 in yeast, the human cullins hCUL-1 and hCUL-2 are subject to modification by the mammalian RUB1 ortholog NEDD8 in vivo. Moreover, recent work has shown that another human cullin, hCUL-4A, is modified by NEDD8 (28) , but the function of this cullin has remained enigmatic. NEDD8 Modifies CBC Complexes. As discussed above, hCUL-1 and hCUL-2 are subunits of different protein complexes. hCUL-1 is part of the human SCF (12, 13), whereas hCUL-2 is a component of the CBC complex that also contains elongin B͞C (15, 16) . CBC can assemble with pVHL, forming CBC VHL (15, 16, 20, 21) .
To determine whether NEDD8-modified hCUL-2 is present in CBC VHL , we used VHL-deficient (VHL Ϫ͞Ϫ) RCC cell lines stably transfected with HA pVHL, with a tumorigenic mutant form, or with a vector (16) . Most tumorigenic VHL mutations lead to a loss in elongin B͞C and hCUL-2 interaction (15, 16, 20, 21) . One example is the naturally occurring mutant that we used, pVHL ⌬155 , which expresses a truncated protein lacking the elongin B͞C interaction domain (15, 16) . Immunoprecipitation with HA-specific antibodies coprecipitated a protein doublet of Ϸ80 kDa only from extracts of cells expressing the wild-type form HA pVHL but not of cells expressing HA pVHL ⌬155 or vector. As shown in Fig. 5 , both bands reacted with hCUL-2-specific antibodies. In a related experiment, the two bands were isolated from a preparative gel and subjected to Edman degradation. The N terminus of hCUL-2 seemed to be blocked, but we obtained a sequence from the upper band, which corresponded to the first 21 N-terminal residues of NEDD8 (Fig. 5) . This result directly confirms that the slower-migrating species of hCUL-2, which are detectable by either immunoprecipitation (Figs. 4B and 5) or Western blotting (Fig. 4A) , correspond to the NEDD8-modified form of the cullin. Moreover, these data indicate that NEDD8-modified hCUL-2 is a part of CBC complexes that also contain wild-type pVHL.
Wild-Type but Not Tumorigenic Forms of pVHL Stimulate NEDD8-hCUL2 Conjugation. Next, we coexpressed combinations of cDNAs for hCUL-1, hCUL-2, and pVHL in the presence of [ 35 S] methionine in a reticulocyte lysate (which endogenously contains NEDD8, elongin B, elongin C, and undetectable levels of pVHL). As shown in Fig. 6A , both hCUL-1 and hCUL-2 ran in an SDS gel as a doublet. Additional, even slower-migrating forms of both cullins were observed when GST-NEDD8 was added to the extract, resulting in a reduction of the original NEDD8-hCUL-2 conjugate. This result confirms that both cullins are modified by NEDD8 or GST-NEDD8. Remarkably, expression of pVHL stimulated conjugate formation of NEDD8 (or GST-NEDD8) with hCUL-2 about 3-fold (Fig. 6A, left lanes) . In contrast, pVHL had no stimulatory effect on NEDD8-hCUL-1 conjugate formation (Fig. 6A, right lanes) . Thus, pVHL levels control the conjugation of NEDD8 to the CBC subunit hCUL-2, but they do not influence conjugation of NEDD8 to the SCF subunit hCUL-1. This observation is in line with the known specificity of pVHL to associate with hCUL-2 but not with hCUL-1 protein complexes (15) .
Using a similar experimental setup, we expressed increasing levels of wild-type pVHL or its tumorigenic mutant form (pVHL ⌬157 ) in the lysate. Intriguingly, only the wild-type pVHL protein, but not the mutant form of pVHL, stimulated conjugation of NEDD8 to hCUL-2 in a dose-dependent manner (Fig. 6B) . A quantification of the data indicated that the presence of wild-type pVHL can stimulate NEDD8-hCUL-2 conjugation about 5-fold, whereas the mutant form is essentially inactive in this assay (Fig. 6C) . We therefore conclude that increasing levels of wild-type pVHL in the lysate results in a built up of fully assembled CBC VHL complexes and that the hCUL-2 subunit of these complexes is a substrate for NEDD8 modification. In contrast, the tumorigenic variant, pVHL ⌬157 , is unable to bind to CBC and is consequently inactive in stimulating NEDD8-hCUL-2 conjugate formation. 
DISCUSSION
Posttranslational modifications of proteins by the covalent attachment of another protein is more common than previously assumed. In addition to the well characterized ubiquitin system, eukaryotes possess several pathways that mediate the conjugation of ubiquitin-like modifiers to specific cellular proteins. In contrast to ubiquitin, these proteins do not seem to promote protein degradation (32, 33) . The human interferon-inducible ubiquitin-like protein UCRP, for instance, seems to mediate protein targeting to the cytoskeleton (34) (35) (36) . Similarly, conjugation of the mammalian ubiquitin-like protein SUMO-1 can affect the subcellular localization of the substrate (37) (38) (39) (40) (41) . Conjugation of SUMO-1 to IB␣, however, seems to inhibit ubiquitin-dependent degradation of the substrate (42) . This observation may point to a general role of ubiquitin-like proteins as modulators of the ubiquitin pathway. In this work we have shown that the conserved NEDD8͞ RUB1 modification pathway is functionally linked to the ubiquitin͞proteasome system. Similar to the situation in yeast, substrates of this pathway in humans are members of the conserved family of cullin proteins. We discovered that both hCUL-1 and hCUL-2 are modified by NEDD8 in vivo. hCUL-1 is part of the human SCF ubiquitin ligase complex, whereas hCUL-2 is part of CBC. Because of the striking parallels between SCF and CBC VHL complexes with respect to protein composition and modification (Fig. 7) , it seems very likely that CBC complexes also function as E3-type ubiquitin ligases in selective protein degradation pathways. in not known currently, it shows striking parallels to the modification of SCF in yeast. SKP1 is required for RUB1-CDC53 conjugation, and overexpression of either the F-box protein CDC4 or the interacting E2 enzyme UBC3 CDC34 stimulates this reaction (25) . Apparently, modification by RUB1 influences vital functions of SCF ubiquitin ligases (see Fig. 2 ), possibly by affecting SCF's subunit composition, stability, localization, or activities toward specific proteolytic substrates (25, 26) . The detection of NEDD8-hCUL-1 conjugates further suggests that mammalian SCFs, and probably other cullin-containing E3s, also might be regulated in a similar fashion. Interestingly, in Arabidopsis, conjugation of a structural homolog of NEDD8͞RUB1 is crucial for auxin response (43) , emphasizing the importance of this conserved protein-modification pathway in growth control.
Function of CBC VHL . The pVHL tumor suppressor protein has been proposed to play a ''gatekeeper'' function in certain tissues such as the kidney, presumably by controlling the number or behavior of respective tissue cells (15) . Recent work has shown that CBC VHL interacts with the extracellular matrix protein fibronectin at an endoplasmic reticulum-related compartment, leading to the speculation that misfolded fibronectin molecules might be eliminated by CBC VHL -mediated endoplasmic reticulum-associated degradation (44) . However, pVHL seems to have important nuclear functions as well. It is required for cell-cycle exit on serum withdrawal (45) and plays a role in the down-regulation of the expression of several proteins including vascular endothelial growth factor (VEGF), platelet derived growth factor-␤ (PDGF-␤), and glucose trans- Human RCC cells stably expressing vector (control), wild-type HA pVHL, or a naturally occurring mutant HA pVHL ⌬155 were used for coimmunoprecipitation analysis. pVHL was immunoprecipitated by using anti-HA antibodies, and proteins were analyzed with immunoblots probed with anti-hCUL-2 antibodies. Both hCUL-2-specific bands were excised from a preparative gel blot and subjected to Edman degradation. The obtained sequence of the first 21 cycles derived from the material of the upper band is shown on the Right. The N terminus of hCUL-2 seemed to be blocked, and only the N terminus of the NEDD8 modification was accessible to sequencing. Proteolytic digestion of the hCUL-2 bands, however, yielded peptide sequences corresponding to hCUL-2 (15). porter 1 (Glut-1; refs. 16 and 46) . This function is consistent with the prominent neovascularization and high VEGF levels of VHL-associated tumors (23, 46) . Cells lacking functional pVHL overexpress these hypoxia-inducible genes, which are regulated at the level of transcription and mRNA stability (46) (47) (48) (49) (50) . HIF-1␣ is known to play a key role in hypoxia-induced gene expression. Thus, it seems very attractive to speculate that CBC VHL controls the half-life of this short-lived transcription factor and proteins that control mRNA stability (16, 47) . Because NEDD8 is predominantly located in the nucleus (31), the influence of this modification pathway on the CBC VHL complex might be spatially restricted for nuclear functions of this putative E3 ubiquitin ligase.
